Signal transduction via the transfer of phosphoryl groups and transient protein phosphorylation involves the concerted activities of kinases and phosphatases and controls various cellular functions (for a review, see reference 18). In eubacteria, the histidine kinases of two-component systems (TCSs) and the phosphatases with which they interact are involved in cellular adaptation to environmental conditions (for a review, see reference 44). Serine-threonine kinases and PP2C phosphatases also contribute to regulatory and developmental processes, as described in Bacillus subtilis (1, 2, 13, 23, 29, 33, 43) . In mycobacteria, a membrane-associated PP2C phosphatase controls the activity of several serine-threonine kinases (4, 6, 52) , and the transcriptional activator EmbR has been identified as a phosphorylation target for PknH kinase (3, 4, 42) . In Streptococcus agalactiae, the signaling pair Stk1-Stp1 plays a role in virulence, by modifying cytotoxin production and purine metabolism (34, 35, 36) . In Streptococcus pyogenes, a histonelike protein is phosphorylated by the serine-threonine kinase, generating a substrate for the kinase-related phosphatase (21) . The human pathogen Streptococcus pneumoniae has only one gene encoding a PP2C-type phosphatase, PhpP, located upstream from the stkP gene, which encodes the only membrane-associated serine-threonine kinase, StkP (17) . The phpP and stkP genes overlap by 4 bp and form an operon (31) . In a mouse model of infection, null mutations affecting StkP greatly attenuate tissue and bloodstream invasion (17) . In cultures, these mutations are highly pleiotropic, presenting a notably important impact on competence development for genetic transformation (17, 40) . In vitro studies have shown that autophosphorylated recombinant StkP (StkP-P) is a substrate for recombinant PhpP, suggesting that StkP and PhpP may function in a coordinated manner (31) . However, the regulators controlling the cellular level of StkP-P and the network involving StkP in growing cultures remain ill defined. Recent studies of strain TIGR4 revealed that the transcriptional regulator RitR (45) is phosphorylated by StkP and dephosphorylated by PhpP (50) . In order to get better insight into StkP signaling, we investigated the specific role of PhpP phosphatase on bacterial growth and on the development of competence for genetic transformation in cultures, by using genetic analysis. Specific null mutation in PhpP was not obtained, indicating the essentiality of the phosphatase in the control of StkP activity. It is thus likely that PhpP and StkP constitute a functional couple. Data on cellular organization and coimmunoprecipitation suggest that PhpP and StkP proteins can interact within a submembrane complex facing the cytoplasm. Furthermore, results from physiological and genetic studies demonstrate that the StkP-PhpP couple belongs to the competence-signaling network, upstream of the ComDE TCS target for the competence stimulating peptide pheromone, CSP.
( 
MATERIALS AND METHODS
Bacterial strains and growth conditions. The Streptococcus pneumoniae strains described in Table 1 were grown in casein tryptone medium (CAT), and the cultures were stored at Ϫ80°C in 12% (vol/vol) glycerol. For competence studies, bacteria from frozen cultures were grown in CAT transformation medium (CTM), made from CAT medium supplemented with 0.2% (wt/vol) bovine serum albumin (BSA) and 0.1 mM CaCl 2 . The pH was then adjusted to 6.5 or 8 (5, 9, 49) . S. pneumoniae transformants were selected on appropriate antibiotics: kanamycin, 50 mg liter
Ϫ1
; rifampin (rifampicin), 2 mg liter Ϫ1 ; and chloramphenicol, 10 mg liter
. The Escherichia coli strains described in Table 1 were propagated in Luria broth in the presence of appropriate antibiotics: ampicillin, 100 mg liter
; kanamycin, 50 mg liter Ϫ1 ; and rifampin, 400 mg liter
. Construction of mutagenic plasmids and mutant strains. Escherichia coli strains XL1-Blue and Top10 were used as hosts for recombinant vectors (Table  1) . Isogenic mutant strains of S. pneumoniae were generated by allelic exchange. Briefly, the S. pneumoniae recipient strain was transformed with nonreplicative chimeric plasmids carrying the relevant pneumococcal allele(s). In the absence of direct selection with antibiotics, 40 clones were selected and the chromosomal DNA of each clone was extracted with Instagene Matrix (Bio-Rad) for diagnostic PCR and restriction analysis of the corresponding amplicon (5) . One clone carrying the relevant mutation was verified by DNA sequencing with the primers listed in Table 2 and was maintained under standard growth conditions. The insertion/deletion mutation of stkP has been described elsewhere (31) and was used to construct strain Cp7000, carrying the ⌬stkP::cat allele. Plasmids pMUT1 to -4 were used as DNA donors in transformation of the wild-type strain Cp1015, in order to obtain the single mutants phpPD1 and phpPD2 and the double mutants phpPD1 stkP::cat and phpPD2 stkP::cat. The phpPD1 allele containing the point mutation D241A and a StuI restriction site was associated with stkP ϩ or ⌬stkP::cat DNA fragments, respectively, and the phpPD2 allele carrying only the StuI restriction site was associated with either stkP ϩ or ⌬stkP::cat DNA fragments to create plasmids pMUT1 to -4 (Table 1) . Plasmids pMUT1 to -4 were constructed using standard protocols (39) . The 5Ј region of phpP was amplified from the genomic DNA of Cp1015 with the UFKFP and MUT4 primers, and the 3Ј region of phpP was amplified with the MUT2 and DSKR primers. The amplified fragments were mixed and fused with UFKFP and DSKR by a second PCR. The fused fragment was inserted into pCR2.1TOPO to yield pMUT1. Similarly, a DNA fragment carrying only the StuI restriction site was amplified by PCR from the genomic DNA of Cp1015, using the UFKFP-plus- MUT3 and MUT5-plus-DSKR primer combinations, to yield pMUT2. Similarly, using Cp7000 genomic DNA as a template and primers MUT2 to -5, UFKFP, and DFKRP, we constructed pMUT3 and pMUT4. The sequences of all mutated DNA fragments were verified using universal primers and specific primers of the generated sequences ( Table 2) . Production of specific rabbit antibodies. Specific antibodies against PhpP phosphatase, the kinase domain (StkP-N), and the PASTA (penicillin-binding protein and serine-threonine kinase associated) domain of StkP were produced by Eurogenentec (France), using the corresponding recombinant proteins produced in E. coli. Recombinant proteins were obtained as oligohistidine fusions in the E. coli BL21(DE3) strain (Table 1 ) and purified on TALON metal affinity resin (Clontech) according to the manufacturer's protocol. Antibodies that rose against PhpP or the kinase or PASTA domain and the corresponding preimmune sera were purified on Tgel (Pierce) according to the manufacturer's instructions.
Cellular fractionation and localization of StkP and PhpP. Cultures of the wild-type strain and the StkP null mutant were collected by centrifugation at 4°C, washed with phosphate-buffered saline, resuspended in phosphate-buffered saline, and sonicated. Subcellular fractions were obtained by centrifugation (100,000 ϫ g for 1 h), resulting in a pellet fraction containing cellular envelopes and in a supernatant fraction containing the cytoplasm. Proteins (10 g) from each fraction were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, blotted onto nitrocellulose, probed with specific antibodies, and detected with an ECL system (Amersham). Specific membrane localization of StkP has already been demonstrated (31) and has been considered the fractionation control. Nox immunoblots have been used as the loading control, because this protein is found in both the membrane and the cytoplasmic fractions (5; also our unpublished data).
Immunoprecipitation. For cellular extract analysis, clarified lysates (500 g of proteins in lysis buffer: 50 mM Tris-HCl, pH 8, 1% Igepal, and antiprotease cocktail from Roche) were incubated in the presence or absence of PhpP-specific antibodies (2 g) for 18 h at 4°C. Recombinant proteins (2 g in 150 l of lysis buffer containing 0.5% [wt/vol] BSA) were incubated during 90 min at 4°C before the addition of 20 g of PhpP antibodies or the corresponding preimmune serum and incubation at 4°C under gentle agitation was allowed during 18 h. Protein A/G-coated Bio-Adembeads were subsequently added and used as recommended by the supplier (Ademtech), by performing washing steps with the lysis or alternatively the RipA buffer from Ademtech. Elution was obtained in loading buffer in denaturizing and reducing conditions. Rabbit preimmune serum was used as a specificity control of immunoprecipitation, and nonspecific binding to the Bio-Adembeads was evaluated in antibody-free assays when indicated. Total samples and the fraction eluted from the Bio-Adembeads were loaded onto a 4 to 20% gradient gel and analyzed by Western blotting with antibodies raised against the recombinant PASTA and N-kinase domain proteins.
Flow cytometry analysis. Bacteria and protoplasts were prepared from fresh cultures in CAT medium at an optical density at 400 nm (OD 400 ) of 0.2. Protoplasts were obtained by treating exponentially growing cultures for 30 min at room temperature with 500 mg liter Ϫ1 of lysozyme, 20% (wt/vol) sucrose, 0.1 M Tris, and 10 mM MgSO 4 at pH 7, as described elsewhere (48) . Where required, permeabilization of the bacteria was established by treatment of a suspension of heat-killed bacteria (60°C for 30 min) with a Cytofix/Cytoperm kit from BD Biosciences, according to the manufacturer's instructions. Cell permeability was evaluated by assessing the chromosome labeling induced by incubation with fluorescent propidium iodide. For flow cytometry analysis, suspensions of 1 ϫ 10 7 bacteria and protoplasts in 100 l of 0.1 M Tris, 20% (wt/vol) sucrose, and 10 mM MgSO 4 at pH 7 were incubated for 30 min at 4°C with antibodies (5 g/ml) raised against the kinase domain, the PASTA domain, and PhpP phosphatase. Cells and protoplast suspensions were washed three times with 1 ml of Tris-sucrose-MgSO 4 buffer and subsequently incubated for 30 min in the dark at 4°C with goat anti-rabbit-specific immunoglobulin G labeled with phycoerythrin. Two washes were performed with a 1-ml solution of Tris, sucrose, and MgSO 4 , and fluorescence was assessed in a Becton Dickinson FACSCalibur spectrofluorimeter (excitation at 488 nm and analysis at 585 nm).
Competence measurements. The level of competence development in cultures was evaluated using the "transformation test," as described elsewhere (14, 30) . In brief, cultures in CTM rendered either acidic or alkaline (9) were incubated at 37°C. At an OD of 0.1 to 0.2, 100-l aliquots were withdrawn and mixed with the DNA from strain Cp1016 or R119 (1 g ml Ϫ1 ) used for transformation (Table 1) . Cells were incubated for 20 min at 20°C, mixed with blood agar medium, and incubated for 2 h at 37°C. A layer of agar with or without selective antibiotics was then poured over the surface of the plate. Colonies were counted after overnight incubation at 37°C, and transformation efficiencies were calculated as the ratio of resistant transformed colonies to total viable counts. For CSP-induced competence, cultures in the early exponential growth phase (OD 400 of 0.05) in CTM were activated by incubation with 0.1 to 100 ng/ml of CSP for 10 min at 37°C. Competence was assessed with the "transformation test," as described above.
Mutation rate determination. The mutation rates of strains Cp1015 and Cp7000 were evaluated with the P0 test of Luria and Delbruck (27) . For each strain, 50 independent 1-ml cultures in CAT medium at pH 7 with a starting inoculum of 1 ϫ 10 2 CFU (N0) and containing zero mutants resistant to 2 g/ml of rifampin were cultured for 8 h at 37°C. At the end of the growth period, the total CFU content of the culture (N) was determined by plating serial dilutions from one culture of each strain and by plating the other cultures on blood agar supplemented with rifampin. The frequency of cultures containing 0 CFU on rifampin plates was determined (P0) and the mutation frequency () was calculated using the following equation
Genes stkP/phpP were given NCBI registration number AF285441 on 7 July 2000. They are named pkn2/spr1577 (and phpP is named pppL/spr1578) in the R6 genome databases.
RESULTS
The essential nature of PhpP. Biochemical studies of recombinant proteins have shown that phosphorylated StkP is a substrate for PhpP (31) , although the cellular function of PhpP has not been elucidated. We carried out a mutational analysis to specifically assess the physiological role of PhpP phosphatase in S. pneumoniae. Attempts to construct an in-frame deletion of the phpP gene were unsuccessful, a result reminiscent of previous observations in S. pyogenes (21) . In contrast, phpP mutants carrying cassette insertion and stop codon mutations in phpP leading to a downstream polar effect on stkP could be obtained (data not shown). These results suggested that functional PhpP was probably essential in the wild-type but not in the StkP Ϫ genetic background. In order to test this hypothesis, the wild-type strain Cp1015 was transformed with pMUT1 to -4 plasmids encoding either D231A PhpP (phpPD1), which has been shown to have no phosphatase activity in vitro (31) , or a functional D231D PhpP (phpPD2) protein, associated with both the wild-type stkP and ⌬stkP::cat allele, in the vicinity of a newly created StuI restriction site (see Materials and Methods). Transformed clones resulting in allelic exchange ("transformants") harboring the StuI restriction site were detected and quantified. Transformants carrying the phpPD2 allele in (Table 3 ). In contrast, phpPD1 transformants were exclusively recovered from the transformations involving the pMUT3 plasmid carrying the ⌬stkP::cat allele. Moreover, all these transformants were also resistant to chloramphenicol, demonstrating cotransformation of StuI and ⌬stkP::cat mutations (Table 3) . These results provide the genetic demonstration that phpPD1 encoding the D231A PhpP protein is lethal, specifically in the stkP ϩ genetic background, suggesting that the phosphatase activity of PhpP is essential in wild-type but not in StkP mutant bacteria. Our data imply that uncontrolled cellular levels of StkP-P are toxic in S. pneumoniae RX derivatives (Table 1) . During bacterial growth, PhpP phosphatase may therefore play a key role in controlling phosphorylation levels of StkP and of its targets. This hypothesis incited us to assess the cellular organization of the membrane-associated serine-threonine kinase and the "socalled" soluble PhpP phosphatase in order to get further insight into the cellular role of the PhpP phosphatase with regard to StkP kinase.
The kinase domains of StkP and PhpP proteins interact within a submembrane complex. The membrane localization of StkP protein has been demonstrated elsewhere. In contrast, PhpP protein showed the features of a soluble protein (31) . Western blot analysis of cellular envelopes and cytoplasmic subcellular fractions from the wild-type strain Cp1015, using specific antibodies directed against StkP or PhpP proteins, revealed that PhpP was mainly present in the envelopes in a manner similar to StkP. In contrast, in extracts from the stkP deletion strain Cp7000, PhpP was mainly present in the cytoplasmic fraction (Fig. 1) . Cellular distribution of the Nox protein present both in the envelopes and in the cytoplasm (5; also our unpublished data) was not altered due to StkP mutation (Fig. 1) , indicating that StkP protein affects the distribution of PhpP protein selectively. These results raised the hypothesis that StkP and PhpP may form a protein complex in living bacteria. This hypothesis was tested by coimmunoprecipitation experiments. Cleared bacterial lysates from exponential growing cultures of the wild-type and stkP mutant strains were incubated with antibodies directed against PhpP or the corresponding preimmune serum as indicated in Materials and Methods. Analysis of the immunocomplexes by Western blotting using StkP-specific antibodies clearly revealed a band at 72 kDa, corresponding to the StkP protein (calculated molecular mass of 72.4 kDa), specifically in the PhpP antibody assay. This result indicates coimmunoprecipitation of StkP protein by PhpP antibodies in cellular extracts ( Fig. 2A) . In a parallel experiment, we observed coimmunoprecipitation of the recombinant PhpP and N-kinase domain but not the C-terminal PASTA domain proteins by PhpP-specific antibodies, suggesting direct and specific interaction between the kinase module of StkP and PhpP proteins ( Fig. 2B ; also data not shown). Cellular localization of the proteins by flow cytometry analysis using suspensions of whole bacteria, protoplasts, and permeabilized cells (see Materials and Methods) provides credence to this hypothesis. The results presented in Fig. 3 show, on the one hand, that in the wild-type strain, the C-terminal PASTA domain of StkP can be efficiently labeled in protoplasts as well as in permeabilized cells, whereas the N-terminal kinase domain of StkP and PhpP proteins were labeled specifically in permeabilized cells. On the other hand, labeling efficiencies are very low in nonpermeabilized cells, suggesting that antibodies were hampered by the cell wall. These results suggest that the C-terminal PASTA domain of StkP sticks out in the periplasmic space, beneath the peptidoglycan cell wall, and the kinase domain is located in the cytoplasm, like PhpP is. Such a colocalization of the StkP kinase domain and PhpP proteins is consistent with the proposal of PhpP and its kinase module target being organized close together and interacting within a membrane-associated protein complex facing the cytoplasm. However, localization of PhpP protein in the cytoplasmic fraction of StkP mutant strains (Fig. 1) raises the question of the StkP-independent activity of PhpP accounting for their phenotype (17, 40) .
Physiological characterization of the StkP-PhpP signaling system. The loss-of-function mutation in StkP kinase is pleiotropic, and we have demonstrated a strong reduction of competence expression in cultures from stkP mutant strains (17) . In brief, competence regulation involves signalization in response to the peptide pheromone CSP targeting the histidine kinase receptor of the TCS ComDE (19) . The specific role of the (Table 1) was added in the study because loss-offunction mutation in StkP has been related to a fivefold-increased mutation rate of the mutated-compared to the wildtype-strain and might culminate in genetic drift. Indeed, the calculated rates of mutation (27) conferring resistance to rifampin, in two independent experiments (see Materials and Methods), were 9.9 ϫ 10 Ϫ7 and 8.1 ϫ 10 Ϫ7 in the stkP mutant strain and 2.1 ϫ 10 Ϫ7 and 1.4 ϫ 10 Ϫ7 in the wild-type strain Cp1015.
The results presented in Table 4 show that a competence defect resulting from a loss-of-function mutation in StkP is not suppressed by the additional mutation PhpP(D231A) in strain Cp7004 but is reversed due to allelic exchange at the stkP::Apha3 locus in the stkP ϩ strain Cp9091 (Table 1) . Taken together, our results for strains Cp7004 and Cp9091 demonstrate that the transformation-negative phenotype of strain Cp9090 (17) is a direct result of the StkP loss-of-function mutation rather than a consequence of the activity of PhpP in the cytoplasm of stkP mutant cells. Therefore in this model, the phenotype of StkP mutant strains is not related to StkP-independent PhpP activity but to StkP loss-of-function mutation. It is thus likely that the dedicated PhpP target, StkP-P, is required for the trigger of competence.
It has already been established that the expression of competence in growing cultures represents a global response to several signals transduced by TCSs ComDE, CiaRH, and MicAB (10, 11, 14, 15, 16, 17, 25, 41) . We further investigated the role of the StkP-PhpP couple in the competence-signaling network by introducing ⌬stkP::cat mutations into strain Cp6600 expressing the comD(D299N) allele to obtain strain Cp6607 Nonpermeabilized and permeabilized bacteria as well as protoplast suspensions were analyzed as described in Materials and Methods, using specific antibodies directed against PhpP and the N-kinase ("Kinase") and C-PASTA ("PASTA") domains of StkP protein. Bacteria labeling was obtained as described in Materials and Methods. Nonspecific labeling was evaluated by measurements on the ⌬stkP::cat mutant strain Cp7000 and represents 3.5% Ϯ 5% of total binding on wild-type bacteria. Specific labeling of the wild-type bacteria was the difference between total labeling and nonspecific labeling. In each run, 10,000 cells were analyzed. Rates of permeability to propidium iodide were 5% for bacterial suspensions, 40% for protoplast suspensions, and 95% for permeabilized bacteria. The data are representative of two independent experiments. a Donor DNA (1 g/ml) was from strain Cp1016 carrying the rif23 allele, conferring resistance to rifampin (Rif r ). Values are representative of "n" independent determinations. WT, wild type.
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StkP-PhpP SIGNALING COUPLE IN S. PNEUMONIAE 4947 (Table 1) . Mutation D299N in ComD is a gain-of-function mutation conferring CSP-independent competence development in various conditions that are nonpermissive for the wildtype strain Cp1015, including growth in CTM at pH 6.5 (9, 25) . Transformation tests on strain Cp6607 indicated pH-independent competence development similar to that of strain Cp6600 (Table 5) , and similar results were obtained for the Cp6600 derivative carrying the stkP::Apha-3 allele (our unpublished data). Thus, the ComD(D299N) mutation has an epistatic effect on StkP loss-of-function mutations, suggesting that StkP intervenes upstream from the CSP receptor ComD. This strongly suggests that ComD activation is sufficient to bypass the effects of the StkP mutation. We tested this hypothesis by subjecting StkP mutant strains Cp7000 (⌬stkP::cat) and Cp7004 [⌬stkP::cat phpP(D241A)] to "transformation tests" in CSP-supplemented CTM (see Materials and Methods). Strain Cp1008, carrying the comA::spc mutation abolishing ComABdependent CSP export and maturation (7, 9, 11, 20, 30) , was used as a control, in addition to the wild-type strain Cp1015. Dose-response tests clearly show that the threshold CSP concentration activating strains Cp7000 and Cp7004 is similar to that for strain Cp1008 and 20-to 100-fold higher than that for the wild type (see the supplemental material). Taken together, the results in Table 5 and the data presented in the supplemental material indicate that activation of ComD is sufficient to trigger competence development in StkP mutant strains. Complementation of StkP deficiency by synthetic CSP targeting the ComD receptor suggests that during bacterial growth, StkP, under the control of PhpP, transduces signals culminating directly or indirectly in ComD activation.
DISCUSSION
Adaptation to environmental conditions represents a major challenge for living organisms. Transient histidine phosphorylation plays a key role in TCS-mediated signaling in eubacteria. We provide biological and genetic evidences in favor of a role for transient serine-threonine phosphorylation in the regulation of growth and competence in Streptococcus pneumoniae. The proteins encoded by the stkP-phpP operon (31) constitute a signaling couple acting upstream of the competence-specific histidine kinase receptor ComD. ComD is a target for the oligopeptide pheromone CSP and belongs to the TCS ComDE. It is thus likely that transient serine-threonine phosphorylation is involved in the activation of a TCS signaling pathway in Streptococcus pneumoniae.
PhpP contributes to the pattern of competence development through its essential control of StkP activity. We previously established, using recombinant proteins, that StkP-P is a substrate for PhpP (31) . The essentiality of PhpP phosphatase in the RX stkP ϩ genetic background (Table 3 ) suggests strong control on the level of StkP-P during bacterial growth. In growing bacteria, cellular localization of PhpP protein has been found to be dependent on the presence or absence of the membrane-associated protein kinase StkP (Fig. 1) . Consistently, in StkP ϩ cells, proteins PhpP and StkP coimmunoprecipitate, suggesting that they belong to the same complex. Furthermore, utilization of recombinant proteins allows us to propose direct interaction between recombinant StkP kinase domain and recombinant PhpP proteins (Fig. 2) . The transmembrane organization of StkP and intracellular localization of PhpP (Fig. 3) suggest a submembrane complex facing the cytoplasm, involving the N-terminal kinase domain of StkP and PhpP phosphatase. Mutations in StkP are highly pleiotropic. Cytoplasmic relocalization of PhpP as a soluble protein in StkP-deficient bacteria (Fig. 1) has not been related to the competence-negative phenotype of the strain and did not reveal StkP-independent activity of PhpP. Rather, physiological and genetic analyses in the RX strain Cp1015 and its isogenic derivatives highlight the role of StkP and PhpP as a functional couple. This couple is involved in competence signaling. CSP supplementation experiments on stkP mutant strains (see the supplemental material) and the epistasis of the ComD(D299N) gain-of-function mutation on the StkP loss-offunction mutation in strain Cp6607 (Table 5) demonstrate that StkP kinase activates competence upstream of the histidine kinase receptor, ComD. This finding allows the exclusion of the hypothesis of competence inhibition, due to PhpP phosphatase activity in the absence of its specific substrate(s) StkP-P-and StkP-dependent phosphorylated targets. In the TIGR4 strain of S. pneumoniae, in vitro experiments on recombinant proteins suggest that PhpP and StkP interact competitively with RitR, modulating RitR-dependent Piu heme transporter expression (50) . It is possible that some phenotypes of the StkP mutant strains involve alteration of RitR regulation; however, so far the role of RitR in competence remains uncertain (50) . We present the hypothesis that in exponentially growing cultures, permissive for the development of a competence peak(s), the time window of cellular StkP-P, resulting in the antagonistic activities of StkP kinase and PhpP phosphatase, might determine the competence burst. During the course of this work, a report was published showing that StkP mutation leads to CSP-independent competence development, under conditions nonpermissive for the wild-type strain (40) . Considering the mutator phenotype of StkP mutant strains, genetic drift might account for the results in reference 40. Indeed, alleles ciaR::spc (17) and comD(D299N) (this work) were shown to mask the phenotype of stkP mutations; other unidentified mutations might interfere with the phenotypic expression of StkP loss-of-function mutations and account for the results presented in reference 40.
StkP-PhpP signaling. The StkP-PhpP signaling couple transduces signals culminating in the activation of ComD, as shown by the epistatic relationship of comD(D299N) mutation on StkP0 mutations (Table 5) and by the CSP complementation test. Flow cytometry analysis using antibodies specific to a Donor DNA (1 g/ml) was from strain R119 carrying a nov1 mutation, conferring resistance to 2 g/ml of novobiocin. Results are representative of three independent experiments. WT, wild type.
the C-terminal PASTA domain or the N-terminal kinase domain of the StkP protein indicated a transmembrane organization of the protein with its PASTA domain located beneath the cell wall, e.g., in the periplasmic space (Fig. 3) . This cellular compartment contains the penicillin-binding proteins involved in the last steps of peptidoglycan biosynthesis in both gramnegative and gram-positive bacteria (28) . Furthermore, PASTA domains are signatures for penicillin-binding proteins and serine-threonine kinases in gram-positive species, leading to speculations that the PASTA-containing kinases could constitute receptors for unlinked peptidoglycan stem peptides (12, 53) . Consistently, the StkP mutations confer hypersensitivity to inhibitors of cell wall metabolism in S. pneumoniae (17, 40) , potentially reflecting an involvement of StkP in cell wall homeostasis, as proposed elsewhere (22) . This observation is reminiscent of results obtained in Enterococcus faecalis, suggesting a role for the serine-threonine kinase in the response to cell wall stress (24) . In S. pneumoniae, downregulation of several genes, including competence genes, was observed in cultures containing sublethal concentrations of penicillin, indicating that periplasmic signals may control competence (37) . We postulate that StkP activity might allow the entry of "periplasmic signals" into the competence regulatory network, culminating in a competence trigger. In addition to the ComDE TCS, ComAB, the CSP-autoregulated signaling network, TCSs CiaRH and MicAB (11, 15, 26, 41) , the global regulator RegR (8) , and the putative AI2 autoinducer system (38) have been shown to modulate competence expression in S. pneumoniae, implying that integration of different signals determines the pattern of competence development in growing cultures. Taking into account that PhpP is essential in the wild-type stkP genetic background, indicating strong control on StkP activity (Table 3) , the StkP-PhpP signaling couple also represents an important actor determining the kinetics of competence development during bacterial growth in Streptococcus pneumoniae.
In conclusion, the results presented in this work provide physiological and molecular evidence for a signaling system based on transient serine-threonine phosphorylation in the regulation of competence for genetic transformation in S. pneumoniae. This system acts upstream from the competencespecific receptor ComD of the TCS ComDE. The biochemical nature of the gating signals, determining the time window of cellular StkP-P in growing cultures and culminating in the trigger of the TCS competence-signaling pathway, remains to be elucidated. At any rate, it is proposed as a working hypothesis that during bacterial growth the cellular level of StkP-P is finely tuned to the specific cellular physiology by PhpP phosphatase. Given the pleiotropic aspect of loss-of-function mutations in StkP, with effects on in vitro growth (17, 40) and virulence in mice (17) , the transient serine-threonine phosphorylation, depending on both StkP and PhpP activities, plays a key role in the homeostasis of this pathogen in cultures and in animals.
